To better quantify the sensitivity of precipitation to resolutions and physics, 257 Figure 3 shows the mean tropical (10°S-10°N) total, parameterized convective, and 258 resolved large-scale precipitation simulated at different resolutions. As stronger updrafts 259 are resolved with reduced mesh spacing, large-scale precipitation rates increase with 260 increasing resolutions (Williamson, 2008a) , while convective precipitation rates decrease 261 as moisture is reduced by large-scale condensation. Hence, the ratio of convective to 262 large-scale precipitation decreases with increasing resolutions. For NH-MPAS, this ratio 263 is more sensitive to resolution with the CAM5 physics compared to the CAM4 physics. 264
For the same physics (CAM4), H-MPAS generally simulates lower convective 265 precipitation rates and higher large-scale precipitation rates than NH-MPAS at all 266 resolutions, and the differences are larger at higher resolution. 267 precipitation rates to resolution in NH-MPAS-CAM5, the total precipitation increases 269 only by a small amount of 4% (9.1 to 9.5 mm day -1 ) with resolutions from 240 km to 30 270 km, and is almost insensitive (9.4 to 9.5 mm day -1 ) to resolutions from 120 km to 30 km. 271
The NH-MPAS-CAM4 simulated total precipitation is lower and more sensitive to 272 resolution (11%, 7.8 to 8.7 mm day -1 from 240 km to 30 km and 5%, 8.3 to 8.7 mm day -1 273 from 120 km to 30 km) than NH-MPAS-CAM5. With CAM4 physics, the resolution 274 sensitivity of total precipitation for H-MPAS and NH-MPAS are comparable, although 275 differences between the sensitivity of convective and large-scale precipitation to 276 resolutions are large between H-MPAS and NH-MPAS. The sensitivity of the H-MPAS-277 CAM4 simulated total precipitation to resolution in this study is smaller than that 278 reported by Rauscher et al. (2013) , which is related to the moisture balance issue noted 279 earlier. Overall, the total precipitation simulated in all experiments in this study is less 280 sensitive to resolutions compared to the results in Rauscher et al. (2013) . 281
In addition to the mean, the probability density functions (PDFs) of hourly 282 tropical (10°S-10°N) precipitation for lower intensity events (0-150 mm day -1 , 1 mm day -283 1 bins) and higher intensity events (0-1000 mm day -1 , 10 mm day -1 bins) are shown in 284 simulations produce lower frequencies of more intense precipitation and higher 287 frequencies of less intense precipitation compared to simulations at higher resolutions, 288 with a transition occurring at around 45 mm day -1 . At the same resolution, CAM5 289 simulates higher frequencies of more intense precipitation than CAM4 in NH-MPAS and 290 H-MPAS-CAM4 simulates slightly higher frequencies of more intense precipitation than 291 NH-MPAS-CAM4. Although, the mean precipitation has weak sensitivity to resolution 292 from 120 km to 30 km (Fig. 3) , the impacts of resolution on the precipitation event 293 frequencies are evident. The frequency distributions from simulations at 60 km and 30 294 km are similar for NH-MPAS with CAM5 and CAM4. 295
For higher intensity events (Figure 4b ), resolution has significant impacts on 296 extreme events even from 60 km to 30 km. The NH-MPAS-CAM5 simulations produceimpacts on precipitation intensity, especially for the low probability -high intensity 300 events, with no sign of convergence even at 30 km resolution, and simulations with 301 CAM5 physics produce more intense precipitation than CAM4. To investigate the role of each factor mentioned above, the middle column of 369 Figure 8 shows that in NH-MPAS (for both CAM4 and CAM5 physics), the peak of the 370 wave activity source moves slightly equatorward with increasing resolution, while the 371 opposite is true for H-MPAS-CAM4. Additionally, the NH-MPAS simulations show 372 much weaker sensitivity in the mid-latitude effective diffusivity (right column) to 373 resolution than the H-MPAS simulations. As discussed in Lu et al (2015) , the smaller 374 mid-latitude effective diffusivity in higher resolution allows more wave activity to 375 survive the mid-latitude dissipation, giving rise to greater meridional propagation of wave 376 activity across the jet and larger eddy vorticity flux (as one can see from comparing the 377 bottom left and bottom right panels in Figure 8 ). This sensitivity of the effective 378 diffusivity is less acute in NH-MPAS as the resolution increases and the associated 379 mechanism as counterbalance to the weakening and equatorward shift of the wave source 380 is also much weakened. On the other hand, the wave source in H-MPAS-CAM4 tends to 381 shift poleward and the effective diffusivity decreases more drastically with resolution. As 382 a consequence, H-MPAS has a much greater sensitivity in the position of the eddy-driven 383 jet than the NH-MPAS. The greater sensitivity of the mid-latitude effective diffusivity in 384 H-MPAS than NH-MPAS may be explained by the differences in the hyperdiffusion 385 coefficients used in the corresponding dynamical cores (Rauscher et al., 2013; Park et al., 386 2016). Table 1 shows the hyperdiffusion coefficients among the experiments. The H-387 effective diffusivity in the former (Fig. 8) formally moist entropy, but they are approximately equivalent) to the vertically integrated 412 divergence of water vapor (q). At steady state, this ratio is equivalent to the fluxes of 413 energy and moisture through the top of atmosphere and surface. 414
In the equation above, ! v is the wind vector, v L is the latent heat, F S is the surface flux of 416 energy (sensible plus latent), R is the integrated radiative sink of energy from the 417 atmosphere, P is surface precipitation, E is surface evaporation, and • denotes a 418 pressure integral from the surface to the top of the atmosphere. Note that precipitation 419 and evaporation on the right hand side of the equation above are in units of W m -2 so that 420 circulation to make predictions for precipitation, here we compute it using the TOA and 422 surface fluxes to predict the circulation changes. If we neglect the role of eddies and 423
assume insensitive to the resolution changes, the NGMS framework shows that Hadley 449 circulation strength increases in the models are coupled to the increases in precipitation. 
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Summary and discussion
538
This study analyzed a series of aqua-planet simulations conducted using NH-539 MPAS with the CAM4 and CAM5 physics to document the distinct simulated features of 540 precipitation, clouds, and large-scale circulation compared to behaviors reported in 541 previous studies for H-MPAS-CAM4. Similar to previous studies (e.g., Rauscher et al.,sensitivity of large-scale condensation from the cloud microphysics to the resolved 545 vertical velocities. This ratio has larger sensitivity in NH-MPAS-CAM5 than NH-MPAS-546
CAM4. Compared to H-MPAS-CAM4, NH-MPAS-CAM4 generally simulates more 547
convective precipitation and less large-scale precipitation at all resolutions but their 548 sensitivities to resolution are comparable. Despite the apparent sensitivity of each 549 precipitation component to resolution, sensitivity of the total precipitation to resolution is 550 very small, particularly for NH-MPAS-CAM5. 551
As model resolution increases, all models produced higher frequencies of more 552 intense precipitation with no sign of convergence even when the simulations are all 553 interpolated to the same coarser resolution grid. CAM5 has a propensity to produce more 554 intense precipitation than CAM4. This is consistent with the changes of extreme upward 555 vertical velocity to resolution. Although the differences are small, NH-MPAS-CAM4 556 consistently produces slightly lower frequencies of intense precipitation than H-MPAS-557 CAM4, which may be related to the treatment of vertical velocity that is diagnosed in H-558 Lastly, we analyzed the VR simulations for the three models with different 599 dynamical cores and physics parameterizations. The averaged total precipitation over the 600 refined region is much less sensitive to the resolution change from 120 km to 30 km in all 601 experiments compared to previous studies. Therefore, the magnitude of anomalous 602 rotational flow at 200 hPa that is driven by the anomalous heating over the refined region 603 is also much weaker than previous studies (e.g., Rauscher et al., 2013; Hagos et al., 2013) . 604
MPAS and predicted in NH-MPAS. Thus in H-
Despite the reduced sensitivity of precipitation to resolution, the simulated cloud fraction 605 still significantly decreases with increasing resolution in the UR simulations and over thedistribution of resolution impacts on total precipitation over the refined region, as noted 610 
